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Abstract
Cellulosic biofuels are a leading strategy to meet the projected demand for
biofuels in the coming decades. Historically, the cellulosic biofuel industry has lagged far
behind its projected growth due to expensive pretreatments needed to break down
lignocellulose. Consolidated bioprocessing (CBP) aims to mitigate this cost dilemma.
Clostridium thermocellum (C. thermocellum) is one of the foremost candidates for CBP
due to its native ability to break down lignocellulose. In order for biofuels from C.
thermocellum to be commercially viable, the ethanol yield and titer of the microbe must
be increased. To accomplish this, it has been suggested to introduce the Pyruvate
Decarboxylase (PDC) enzyme into C. thermocellum.
In order to demonstrate possible positive effects on ethanol production by PDC
prior to genetic modification, a cell free system has been developed. A purified enzyme
system was developed in conjunction with the cell free system to function as a control.
This purified enzyme system was optimized to produce ethanol at a high yield and titer
utilizing the PDC from Saccharomyces cerevisiae. Through various experiments and
assays the purified enzyme system was found to be compatible with the cell free system,
functioning best at a temperature of 37℃ and a pH of 6.5-7. Substrate and product
inhibitions were also tested in the purified enzyme system to better understand the
conditions at which PDC should be implemented in the cell free system. Using the
purified enzyme system, PDC from Saccharomyces cerevisiae was demonstrated to be a
good candidate to explore the possible effects of introducing the PDC enzyme into the C.
thermocellum metabolic pathway. The purified enzyme system developed will function
as a control during future testing of the PDC enzyme in the cell free system.
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1. Introduction
1.1. Background
In recent years, there has been a push to decarbonize the energy systems of the
United States. In response to growing fears of climate change, renewable energy
technologies such as photovoltaics and wind turbines have improved dramatically over
the course of just a few short years. However, due to the limited energy density of
batteries, biofuels remain the most plausible option for decarbonizing much of the
transport sector of the economy. As can be seen from Figure 1, some projections predict
biofuels will meet 100% of the energy needs of the aviation industry by the year 2075
[1]. Similarly, a majority of the energy needs of the ocean shipping industry as well as
large portion of the energy needs of passenger light duty vehicles, trucking and busing
are projected to be met by biofuels in the coming decades.

Figure 1: Projected global energy use by transport mode through 2075 [1].

Cellulosic biofuels are considered a leading strategy to meet this projected future
demand for biofuels. Cellulosic biofuels are derived from the “stringy” parts of a plant in
comparison to the seed of the plant that most biofuels in the market today, such as corn
ethanol, are derived from. This provides cellulosic biofuels economic and environmental
1

advantages when analyzed against other methods of biofuel production. Cellulose is the
most abundant carbon containing material on the planet and currently most of it is going
to waste [2]. This makes it an extremely cheap material in addition to its production not
competing with food production. Contrast this against other biofuels such as corn ethanol
or biofuels derived from palm oil, and it becomes very clear why cellulosic biofuels are
considered to be a more sustainable source of energy. Due to competition with food for
land use, corn ethanol has resulted in the destruction of vast areas of forest and wetlands
within the United States [3]. Biofuels from palm oil are perhaps even worse, causing the
destruction of areas of rainforest so extensive that recently the Norwegian government
decided to ban the consumption of palm oil based biofuels [4].
One disadvantage of cellulosic biofuels, which has caused the industry to
historically lag far behind its expected growth, is its expensive cost of production. This
high price is due to the thermochemical and enzymatic pretreatments that are necessary to
break down tough lignocellulose and hemicellulose into fermentable glucose. One
proposed and promising method introduced in order to remove these expensive
pretreatments and massively undercut the costs of cellulosic biofuel production is
consolidated bioprocessing (CBP) [5]. CBP aims to combine the four biological events
necessary for ethanol production from lignocellulose into one reactor.
Clostridium thermocellum (C. therm) is an anaerobic, thermophilic bacterium
that can be found in the hot springs of Yellowstone National Park [6]. Due to its native
ability to break down lignocellulose, C. thermocellum has become a leading candidate for
CBP. However, in order for biofuels from C. thermocellum to be commercially viable,
the microbe needs to produce ethanol at a higher yield and titer. To accomplish this, it has
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been suggested to introduce the Pyruvate Decarboxylase (PDC) enzyme into C.
thermocellum [7]. As demonstrated in Figure 2, the introduction of PDC would
effectively cut down on the intermediary steps of the native C. thermocellum metabolic
pathway. This would reduce the number of proteins the microbe has to produce, as well
as sealing one potential “leak” of carbon and electrons that may be partially responsible
for lowering overall ethanol production.

Figure 2: PDC activity shown with the natural C. thermocellum metabolic pathway

Introducing a gene into the genome of a microbe is both a money and labor
intensive process. It is therefore best to verify the positive effects of PDC before these
efforts are undergone. Recently, graduate student Lexie Cui has developed a cell free
system (CFS) to identify bottlenecks in C. thermocellum metabolism to ethanol. This can
be used to study the effects PDC might have on C. thermocellum ethanol yield and titer.
In order to understand the effects of PDC implementation into the CFS a purified enzyme
system must be developed to function as a control. Without an effective control, there are
too many potential factors at play to successfully analyze any effect, or lack thereof, of
PDC.
3

1.2. Thesis Purpose
The purpose of this thesis is to develop a purified enzyme system to better
understand the effects of adding PDC into a C. thermocellum CFS. In developing this
system, the aim is to answer such questions as: what conditions best optimize PDC’s
ability to convert pyruvate to acetaldehyde? Is the PDC enzyme from Saccharomyces
cerevisiae (Baker’s yeast) compatible with the CFS? And what are some potential
problems that might arise from introducing PDC into the CFS?

Figure 3: The enzymes and substrates of our purified enzyme system.

As can be seen in Figure 3 above, we plan on starting the system from pyruvate,
which is the substrate utilized by PDC. The inclusion of formate dehydrogenase (FDH) is
to insure a plentiful supply of the cofactor NADH. All of the necessary components of
the purified enzyme system have been compiled, and are important to consider when
evaluating future tests of the purified enzyme system in the CFS.
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2. Materials and Methods
2.1. Buffers and Reagents
The first step in creating our purified enzyme system was to research all the
necessary enzymes, cofactors, buffers, and other chemicals needed for the system to
produce ethanol. These buffers, enzymes, and reagents are listed in Table 1 below. Only
the components necessary for the system to run are included, other chemicals were used
for various experiments and will be mentioned in the methods section pertaining to those
specific experiments. All buffers, enzymes, and reagents were ordered from the SigmaAldrich Corporation. Table 1 reflects the final version of our purified enzyme system.
Table 1: Buffers, Enzymes, and Reagents of our Purified Enzyme System.
Buffer, Enzyme, or Reagent Name

Classification

Pyruvate

Substrate

Formate

Substrate

Pyruvate Decarboxylase
(Saccharomyces cerevisiae)
Alcohol Dehydrogenase
(Saccharomyces cerevisiae)
Formate Dehydrogenase (Candida
boidinii)
Bovine Serum Albumin
Nicotinamide Adenine Dinucleotide
(NAD+)
Ammonium Chloride
Magnesium Chloride
Thiamine Pyrophosphate
Dithiothreitol
MES Buffer

Purpose
The substrate of pyruvate decarboxylase,
converted to acetaldehyde.
The substrate of formate dehydrogenase,
with NAD it is converted to CO2 and NADH

Enzyme

Converts pyruvate to acetaldehyde.

Enzyme

Concerts acetaldehyde to ethanol.

Enzyme

Concerts NAD and formate to CO2 and
NADH.
Stabilizes the enzymes.

Cofactor

Cofactor for alcohol dehydrogenase.

Activator
Cofactor
Cofactor

Activator for pyruvate decarboxylase.
Cofactor for pyruvate decarboxylase.
Cofactor for pyruvate decarboxylase.

Reducing Agent
Buffer

Stabilizes NADH (reduced form of NAD+).
Stabilizes the pH of the enzyme system.

Enzyme

2.2.Initial Testing
When the enzymes arrived, we ran initial tests using a spectrophotometer to verify
and quantify enzyme activity. All the necessary cofactors, activators, and reducing agents
were mixed into the buffer in the interest of ease and their exact concentrations can be
5

found in the appendix. To quantify the activity of FDH, we pipetted NAD+ into a cuvette
along with a known amount of FDH. The reaction was started by adding in formate.
Using a spectrophotometer, we measured the slope of increasing absorbance as NAD+
was converted to NADH. By applying Beer’s law, the known quantity of added FDH,
and the slope of the absorbance curve, we were able to quantify the activity of our FDH
enzyme in international units.
The process for quantifying the activity of our alcohol dehydrogenase (ADH)
enzyme was very similar. NADH was pipetted into a cuvette along with a known amount
of ADH. The reaction was started by adding in acetaldehyde. Using a spectrophotometer,
we measured the slope of decreasing absorbance as NADH was converted to NAD+. We
then did the same calculation using Beer’s law, the measured absorbance curve, and the
added quantity of ADH to quantify the activity of our ADH enzyme in international units.
To quantify the activity of our PDC enzyme, we coupled its reaction with the
reaction of ADH. NADH was pipetted into a cuvette along with a known amount of PDC.
A much larger amount of ADH was added to insure the reaction was limited by PDC
activity, and the reaction was started by adding pyruvate. Using a spectrophotometer, we
measured the slope of decreasing absorbance as NADH was converted to NAD+. We
then repeated the same calculation using Beer’s law, the measured absorbance curve, and
the added quantity of PDC to quantify the activity of our PDC enzyme in international
units. Using the quantified activities of our various enzymes, we were able to predict the
necessary amounts of the enzymes we would have to add for our purified enzyme system
to properly function.
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2.3. Detection Methods
In order to quantify the substrates being consumed and produced in our experiments,
we had to first develop a high performance liquid chromatography (HPLC) standard. To
do this, we prepared a 1M concentration mixture of pyruvate, acetaldehyde, formate, and
ethanol (our compounds of interest). After storing 10 mLs of this in 10 1.5 mL Eppendorf
Tubes, we diluted the reminder of our mixture by a factor of 10 and stored 10 mLs of this
diluted mixture in 10 1.5 mL Eppendorf Tubes. This dilution and storage was then repeated
2 more times.
HPLC separates substrates using a flow column before using absorbance and
beers law to measure relative concentrations of these substrates. By measuring our 1 mM,
10 mM, 100 mM, and 1000 mM standards prior to our experimental samples, the
software program we are using (Shimadzu Lab Solutions) is able to determine an
approximate concentration of our substrates of interest. Figure 4 shows an example of
one of our measured HPLC samples. Although we were able to identify most curves that
were not our substrates of interest as added ammonium, or products of side reactions, we
are only interested in quantifying our substrates of interest.

Figure 4: The HPLC curves of one of our experimental samples.
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2.4. Conducted Experiments
After our initial preparations were completed, we ran a large number of
experiments to optimize the ethanol yield and titer of our purified enzyme system as well
as to understand the mechanisms of the system as a whole. Although all tests will be
mentioned in this thesis, the five most relevant and impactful experiments will be covered
in greater detail in both the methods and results sections. These experiments are; the
initial purified enzyme system, the pH and buffer optimization, temperature optimization,
ethanol production at high substrate concentrations, and ethanol production at high
product concentrations.
The Initial Purified Enzyme System
After all initial testing was completed and the HPLC standards were prepared, we
combined all the necessary components of the cell free system, listed in Table 1, together
with a relatively small concentration of pyruvate (roughly 100 mM). This experiment was
completed in a 1.5 mL Eppendorf tube at a temperature of 22℃. TRIS buffer (in lieu of
MES) was used for this initial enzyme test, and TRIS base was used to bring the buffer
pH to around 7. Samples were taken after 1 hour, 2 hours, 6.5 hours, and 18 hours. For all
of our time points in this experiment and the experiments in the following pages, sulfuric
acid was used to terminate progress of the reaction in the samples. The samples were
stored at 0℃ prior to running them on the HPLC. See appendix B for the procedure
covering the preparation of purified enzyme system samples for HPLC.
pH and Buffer Optimization
An experiment was conducted identically to the initial purified enzyme system
with the exception of using a higher pyruvate concentration of 500 mM and preparing
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multiple systems simultaneously with pH’s of 6.5, 7, and 7.5. A sample of each system
was taken after 20 hours, and analyzed on the HPLC machine using the procedure from
appendix B. This data was then analyzed to determine the ideal pH to run our system at in
all experiments going forward.
After determining the ideal pH of our purified enzyme system, we then tested the
pH change of our system over time. The purified enzyme system used for this experiment
was prepared under the same conditions as the optimal pH experiment, except only a 6.5
pH system was used. The pH change over time was determined using a pH probe and
taking measurements of the pH of our purified enzyme system after 0 hours, 1.5 hour, 8
hours, and 22 hours. This was done concurrently with measuring the pH of a control that
consisted of a mixture of all the components of the purified enzyme system minus the
enzymes that made the chemical reactions progress.
After conducting the pH change over time experiment on TRIS buffer, additional
buffers with lower pKa values were selected and tested under the exact same conditions.
These buffers included; HEPES, MOPS, MOPSO, and MES. Additionally, a 20 hour
time point was taken of the system on each buffer and run on the HPLC machine.
Temperature Optimizations
To determine the optimal temperature of our purified enzyme system, we
prepared 3 mL of our purified enzyme system using MES buffer at a pH of 6.5. This was
then split into three equal 1 mL aliquots which were placed in 1.5 mL Eppendorf tubes.
These three tubes were then kept at three different temperature (22℃, 35℃, and 55℃).
Time points were taken after 2 hours, 4 hours, 8 hours, and 24 hours. Each time point was
stored at 0℃ before the being prepared for HPLC using the procedure from appendix B.
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We selected 22℃ because it is the ambient temperature of our lab, 37℃ because it is the
temperature at which the C. thermocellum CFS runs at, and 55℃ as it is the optimal
growth temperature of wild type C. thermocellum.
Ethanol Production at High Substrate Concentrations
To determine the possible inhibitory effects of our substrates, we prepared our
purified enzyme system with varying starting concentrations of pyruvate and
acetaldehyde. These concentrations were 200 mM, 500 mM, and 1000 mM of pyruvate
and 200 mM, 500 mM, and 1000 mM of acetaldehyde. MES buffer was used and the
systems were prepared at a pH of 6.5 and kept at room temperature (22℃) in 1.5 mL
Eppendorf tubes. The reactions of the systems were stopped after 16 hours and each
sample was run on HPLC using the procedure from appendix B.
To further explore pyruvate inhibition, we prepared our purified enzyme system
with starting concentrations of 50 mM, 200 mM, and 500 mM pyruvate. All the other
conditions of the previous pyruvate inhibition test were held constant. Samples were
taken from each of these systems at 2 hours, 4 hours, 8 hours, and 24 hours. Each sample
was stored at 0℃ before being prepared for HPLC using the procedure from appendix B.
Ethanol Production at High Product Concentrations
To determine the possible inhibitory effects of our product, we prepared our
purified enzyme system with varying starting concentrations of ethanol. These
concentrations were 200 mM, 500 mM, 1000 mM, and 2000 mM of pyruvate. MES
buffer was used and the systems were prepared at a pH of 6.5 and kept at room
temperature (22℃) in 1.5 mL Eppendorf tubes. The starting concentration of pyruvate for
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all systems was 200 mM. The reactions of the systems were stopped after 24 hours and
each sample was run on HPLC using the procedure from appendix B.
To further explore ethanol inhibition, we prepared our purified enzyme system
with starting concentrations of 200 mM, 500 mM, and 1000 mM ethanol and a higher
concentration of pyruvate at roughly 380 mM. All the other conditions of the previous
pyruvate inhibition test were held constant. The reactions of the systems were stopped
after 24 hours and each sample was run on HPLC using the procedure from appendix B.
Other Experiments
Several other experiments were conducted for this thesis. These experiments
helped us determine the optimal concentrations of other components of our system, and
helped us figure out what might be lowering the reaction rate of our system over time.
The optimization experiments include; an NAD+ concentration experiment, a buffer
concentration experiment, and an enzyme concentration experiment. The experiments
that helped us determine what might be lowering our reaction rate over time include; a
complete addition experiment, a PDC addition experiment, and an exclusion addition
experiment.
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3. Results
3.1.The Initial Purified Enzyme System
Our initial purified enzyme system went to completion (all pyruvate was
consumed) by the 6.5 hour time point. Upon completion it was found to have an ethanol
yield of 61.5% and a titer of 3.1 grams/liter. As can be seen in Figure 5, the reaction rates
of the system dramatically slowed over time. The results from this experiment can be
used as a baseline in examining the level of advancements made to our system through
our various optimization tests.

Purified Enzyme Assay
120

Millimolar

100
80
60
40
20
0
0

5

10

15

20

Time (hours)
pyruvate consumed

formate consumed

acetaldehyde produced

ethanol produced

Figure 5: The reactions of our initial purified enzyme system over time.

3.2. pH and Buffer Optimization
After 24 hours running the pH optimization experiment; the 6.5 pH sample
produced 88 mM ethanol, the 7 pH sample produced 80 mM ethanol, and our 7.5 pH
sample produced 69 mM of ethanol. This indicated that the system worked less
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efficiently the higher the pH was raised past 6.5. We used a pH of 6.5 for the remainder
of our experiments.
Testing the change of pH over time using TRIS buffer, we discovered that as the
reaction progressed the pH of the system would rise. As can be seen in Figure 6, after 22
hours the pH of the system rose 1.01 from 6.63 to 7.64. The pH of the control dropped
from 6.55 to 5.88 over this same time period. This indicated that the TRIS buffer we were
working with was doing a poor job holding the pH of our purified enzyme system

pH

constant.

pH vs Time (Tris Buffer)

8
7.5
7
6.5
6
5.5
5
0

5

10

15

20

25

Time (hours)
Control (No Enzymes)

Test (Enzymes)

Figure 6: pH change of our TRIS buffered purified enzyme system over time.

pH vs Time (MES Buffer)

8
7.5

pH

7
6.5
6
5.5
5
0

5

10

15

20

25

30

Time (hours)
Control (No Enzymes)

Test (Enzymes)

Figure 7: pH change of our MES buffered purified enzyme system over time.
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After testing various buffers with lower pKa values, we determined that MES
buffer did the best job of keeping the pH of our purified enzyme system constant. As can
be seen from Table 2, MES buffer reduced the pH change from 1.01 to 0.02 for the
purified enzyme system over a 24 hour time period. Figure 7 shows this pH change over
time. Furthermore, MES buffer did not interfere with the detection of any of our
substrates of interest on HPLC. This can be seen in Figure 3, the peak at roughly 15.5
minutes being MES buffer. MES buffer was used for the remainder of our experiments.
Table 2: pH Change of the Purified Enzyme System over Time by Buffer.

Buffer
MES Control
MES Test
MOPS Control
MOPS Test
HEPES Control
HEPES Test
MOPSO Control
MOPSO Test
TRIS Control
TRIS TEST

Starting pH
6.74
6.75
6.60
6.62
6.77
6.78
6.74
6.76
6.63
6.55

Final pH
6.74
6.76
6.60
6.67
6.79
6.84
6.76
6.79
5.88
7.64

3.3. Temperature Optimization
The 37℃ reaction was completed by the 6 hour time point, with an ethanol yield
of 91.4% and a titer of 15.7 grams/liter. The 22℃ reaction was completed by the 10 hour
time point, with an ethanol yield of 71.5% and a titer of 12.3 grams/liter. The 55℃
reaction never reached completion, and had an ethanol yield of 7.3% and a titer of 1.3
grams/liter. The final concentrations of pyruvate and formate consumption, as well as
ethanol production for each of our reactions can be seen in Figure 8 below. Overall, the
37℃ reaction ran the fastest as well as producing the highest ethanol yield and titer.
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Millimolar

Pyruvate to Ethanol Conversion at Increasing
Temperatures
450
400
350
300
250
200
150
100
50
0
22℃ (Room Temperature)
Pyruvate Consumed

37℃

55℃

Formate Consumed

Ethanol Produced

Figure 8: Substrate consumption and product production at varying temperatures.

3.4. Ethanol Production at High Substrate Concentrations
After 16 hours, the acetaldehyde inhibition test starting at an initial concentration
of 1000 mM acetaldehyde consumed 281 mM of acetaldehyde and produced 172 mM of
ethanol. The reaction started at 500 mM acetaldehyde consumed 159 mM of
acetaldehyde and produced 83 M of ethanol. The reaction started at 200 mM
acetaldehyde consumed 50 mM of acetaldehyde and produced 33 mM of ethanol. These
results demonstrated no inhibition of the system by acetaldehyde, and can be visualized
in Figure 9.

Acetaldehyde Concentration Test
Millimolar

300
200
100
0
1M Test

0.5M Test

acetaldehyde consumed

0.2M Test
formate consumed

ethanol produced

Figure 8: The effects of acetaldehyde concentration on our purified enzyme system.
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After 16 hours, the pyruvate inhibition test starting at an initial concentration of
1000 mM pyruvate consumed 69 mM of pyruvate and produced 14 mM of ethanol. The
reaction started at 500 mM pyruvate consumed 195 mM of pyruvate and produced 100 M
of ethanol. The reaction started at 200 mM pyruvate consumed 215 mM of pyruvate and
produced 156 mM of ethanol. These results demonstrated inhibition of the system by
pyruvate, and can be visualized in Figure 10.

Pyruvate Concentration Test
300
200
100
0
1M Test

.5M Test

pyruvate consumed

.2M Test

formate consumed

ethanol produced

Figure 10: The effects of pyruvate concentration on our purified enzyme system.

As can be seen in Figure 11, our follow up pyruvate inhibition tests demonstrated
a slower reaction rate at higher pyruvate concentrations. After 1 hour 15.1 mM of
pyruvate was consumed by the 500 mM initial pyruvate system, 18.4 mM of pyruvate
was consumed by the 200 mM initial pyruvate system, and 22.0 mM of pyruvate were
consumed by the 50 mM initial pyruvate system. In Figure 11 only the 50 mM initial
pyruvate system includes error bars. This is due to an HPLC machine malfunction before
the second runs of the 200 and 500 mM initial pyruvate systems.

16

Pyruvate Consumption by Pyruvate
Decarboxylase over Time
90
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50mM pyruvate

200mM pyruvate

500mM pyruvate

Figure 11: The effects of pyruvate on our purified enzyme system over time.

3.5. Ethanol Production at High Product Concentrations
After 16 hours, the ethanol inhibition test starting at an initial concentration of
2000 mM ethanol consumed 54 mM of acetaldehyde and produced no ethanol. The
reaction started at 1000 mM ethanol consumed 133 mM of pyruvate and produced 87 M
of ethanol. The reaction started at 500 mM ethanol consumed 109 mM of pyruvate and
produced 63 mM of ethanol. The reaction started at 200 mM ethanol consumed 81 mM of
pyruvate and produced 39 mM of ethanol. These results demonstrated no inhibition of
the system by ethanol below 2000 mM, and can be visualized in Figure 12. This
experiment actually seemed to demonstrate possible enhancement by ethanol, prompting
further testing.
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Millimolar

Pyruvate to Ethanol Conversion at
Increased Ethanol Concentrations
140
120
100
80
60
40
20
0
.2M Ethanol
Pyruvate Consumed

.5M Ethanol

1M Ethanol

Formate Consumed

2M Ethanol

Ethanol Produced

Figure 12: The effects of ethanol concentration our purified enzyme system (I).

After 16 hours, the follow up ethanol inhibition test starting at an initial
concentration of 1000 mM ethanol consumed 184 mM of acetaldehyde and produced 75
mM of ethanol. The reaction started at 500 mM ethanol consumed 195 mM of pyruvate
and produced 156 mM of ethanol. The reaction started at 200 mM ethanol consumed 200
mM of pyruvate and produced 157 mM of ethanol. These results demonstrated no
inhibition of the system by ethanol below 1000 mM, and can be visualized in Figure 12.
Unlike the first ethanol inhibition experiment, this experiment did not demonstrate
possible enhancement of the system by ethanol.

Figure 13: The effects of ethanol concentration on our purified enzyme system (II).
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3.6. Other Experiments
The NAD+ optimization experiment found that 2 mM of NAD+ worked better in
the system than 20 mM. The effects between the 2 concentrations was not that great, and
we continued to use 5 mM of NAD+ in all our purified enzyme experiments following
this experiment. The buffer concentration experiment found that the system on 50 mM of
TRIS buffer produced more ethanol than on 500 mM of TRIS buffer. This result became
irrelevant once we switched to MES buffer. The enzyme concentration experiment found
that the enzymes functioned efficiently at a 1:1:2 ratio of ADH:PDC:FDH and that
adding more enzyme allowed reactions to progress faster.
The complete addition experiment found that when all the enzymes and cofactors
of the system were added again into a purified enzyme system that had been running
already for 24 hours, reaction rates increased to levels higher than even the initial rates of
the system that the components were added into. The PDC addition experiment found
that adding PDC had limited effect on the overall ethanol yield and titer of the system.
The exclusion addition experiment found adding pyruvate and PDC to increase the
ethanol yield and titer of the system more than other components, but still not to that
large of a degree.
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4. Discussion
4.1. Implications and Conclusions
The purified protein system ran most efficiently on MES buffer at a temperature
of 37℃ and a pH of around 6.5-7. The sigma-aldrich website lists the optimal pH of PDC
to be 6, ADH to be 8.6-9.0, and FDH to be 7.5-8.5 [8]. It was not surprising then that the
optimal pH of the system fell in between all these pHs, with a stronger leaning towards
PDC which likely was the limiting factor of the system due to its inhibition by pyruvate.
The optimal growth temperature of Candida boidinii and Saccharomyces cerevisiae is
30℃ [9, 10]. It is therefore not unexpected that the enzymes of these organisms remained
stable at 37℃. At higher temperatures reactions tend to be favorable, and reaction rates
tend to increase so it is also not unexpected that our optimal temperature for our purified
enzyme system was 37℃. These conditions indicate that our purified enzyme system is
compatible with our C. thermocellum CFS. However, our system tested at 55℃ indicates
a more thermostable PDC enzyme must be developed if our future CFS tests indicate it is
worth incorporating PDC into the genome of C. thermocellum.
None of our tested purified enzyme systems reached an ethanol yield of 100%. It
was therefore deemed of interest to us to figure out where our unaccounted for carbon
might be going. After reviewing literature on the enzymes used for our purified enzyme
system, and testing relevant compounds on our HPLC machine we found that side
reactions likely occurred which lowered the system’s overall ethanol yield. These side
reactions produced acetoin, and likely acetolactate [11]. These reactions did not occur to
a significant enough extent for us to consider them a problem, and we did not take them
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into account when determining the potential of PDC from Saccharomyces cerevisiae to
be used for further testing in the C. thermocellum CFS.
Pyruvate inhibition was demonstrated in multiple experiments. Although we do
not know the mechanisms that caused this inhibition, since pyruvate is an intermediary
step along the metabolic pathway from cellobiose to ethanol there should not be a large
enough buildup of pyruvate for this to be a problem. As soon as pyruvate is produced
from malate in the complete system, it should be converted into acetaldehyde. However,
when testing the metabolic pathway starting from pyruvate, this inhibition has to be taken
into account. When incorporating PDC into the CFS, concentrations of pyruvate should
not exceed 400 mM. If higher ethanol titers are desired pyruvate should be added over
time, so as to limit inhibition. Pyruvate inhibition of PDC has also been well documented
in the literature, affecting the PDC enzyme of several different organisms [12].
Ethanol was found not to inhibit PDC activity of the purified protein system
below 1000 mM, and potentially below 2000 mM. From the literature it was found that
ethanol inhibits FDH from Candida boidinii, but not ADH or PDC from Saccharomyces
cerevisiae [13]. It is therefore reasonable to assume it was our FDH enzyme limiting our
systems production of ethanol at higher ethanol concentrations. However, even with this
inhibition we would still be able to reach a reasonably high ethanol yield using our
purified enzyme system.
Overall, our experiments indicate that our purified enzyme system is compatible
with our C. thermocellum CFS. The purified enzyme system and our C. thermocellum
CFS both run at 37℃ and a pH of 6.5-7. Furthermore, our experiments helped us
determine that the best conditions to incorporate PDC into our CFS is at concentrations of
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pyruvate below 400 mM. Additionally, we concluded that PDC from Saccharomyces
Cerevisiae appears to be a good candidate for further testing in the C. thermocellum CFS
4.2. Strengths and Limitations
Our experiments were very effective in determining relative compatibility with
our C. thermocellum CFS. The conditions in which our CFS runs at were known prior to
the creation of our purified enzyme system, so testing our purified enzyme system under
these conditions was relatively straightforward. What we were not able to test was how
the various cofactors and activators of our purified enzyme system react with our C.
thermocellum CFS, and how the numerous components of our C. thermocellum CFS
interact with our purified enzyme system. It is completely plausible, for instance, that the
ammonium sulfate in which our PDC enzyme is suspended will have negative
interactions with enzymes of our C. thermocellum CFS. We cannot know if negative
interactions like this affect our purified enzyme system or C. thermocellum CFS until we
implement them together. We must therefore keep the possibility of these negative
interactions on the forefront of our mind when conducting future testing using the CFS.
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5. Future Work
The results from our ethanol inhibition experiment did not indicate a clear
concentration at which ethanol begins to inhibit our purified enzyme system. In order to
better understand how PDC might be able to affect the ethanol yield and titer of C.
thermocellum it would be useful to run more tests at concentrations between 500 mM and
2000 mM. It would also be useful to find a way to eliminate FDH’s sensitivity to ethanol
as a factor, perhaps by adding additional amounts of NADH over time.
Now that we have developed a purified enzyme system using PDC that is likely
compatible with our C. thermocellum CFS, we can begin testing the effects of PDC on
the ethanol yield and titer of the C. thermocellum CFS using our purified enzyme system
as a control. This would potentially involve; running our purified enzyme system in
conjunction with our C. thermocellum CFS, running our C. thermocellum CFS with the
addition of just PDC, and running our purified enzyme system and C. thermocellum CFS
separately under the same conditions. Using the results from these experiments, we
would hopefully be able to conclude that PDC increases the ethanol yield and titer of C.
thermocellum.
If we were able to conclude, using our CFS, that ethanol positively effects the
ethanol yield and titer of C. thermocellum- we could begin work developing a
thermostable PDC enzyme for implementation into its genome. Hopefully this would get
Clostridium thermocellum one step closer to commercially producing cellulosic biofuels.
If, on the other hand, PDC is demonstrated to have little or negative impact on C.
thermocellum’s ability to produce ethanol at a high yield and titer- we could begin work
identifying and relieving other potential bottlenecks along the metabolic pathway. As can
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be seen in Figure 13, the complete metabolic pathway from cellobiose to ethanol involves
many more steps than were the focus of this thesis. This would likely involve the creation
of additional purified enzyme systems to function as controls for these future tests.

Figure 13: The complete metabolic pathway of C. thermocellum, from cellobiose to ethanol.

Additionally, the CFS itself could always be developed further to better mimic the
effects of C. thermocellum metabolism. This could potentially involve increasing the
concentration of cell extract used, or adjusting at what optical density C. thermocellum
cells are harvested and lysed.
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Appendix A
Enzyme Concentration Test

High/Low Enzyme Test
60
50
40
30
20
10
0
5 FDH 2.5
5 FDH 2.5
5 FDH .25
5 FDH .25 .5 FDH 2.5 .5 FDH 2.5 .5 FDH .25 .5 FDH .25
ADH 2.5 PDC ADH .25 PDC ADH 2.5 PDC ADH .25 PDC ADH 2.5 PDC ADH .25 PDC ADH 2.5 PDC ADH .25 PDC
pyruvate consumed

formate consumed

acetaldehyde produced

ethanol produced

Complete Addition Test

Pyruvate to Ethanol Conversion over Time
600

Millimoles

500
400
300
200
100
0
0

20

40

60

80

100

Time (hours)
Pyruvate Consumed

Formate Consumed

Acetaldehyde Produced

Ethanol Produced

25

120

140

160

Appendix B
Protocol for Preparation of Samples for HPLC
1. Calculate 1/5 of the overall volume of the sample, add this amount of 10%
sulfuric acid (for instance if the sample is 100 µL add 20 µL of 10% sulfuric
acid) make sure to vortex well.
2. Centrifuge the sample at maximum RPM for 3 minutes.
3. Pipet the sample into a filter tube, trying not to touch any pelleted material.
4. Centrifuge the filter tube for 5 minutes at maximum RPM, repeat until all
supernatant has passed through the filter.
5. Pipet liquid from the filter tube into a specialized HPLC tube, make sure to
label clearly.
6. Set up and run all samples on HPLC machine, making sure to run standards at
the beginning and end of each run.
Concentration of Buffer Components
Compound
MES Buffer
NH4Cl
DTT
TPP
MgCl2

Final Conc.
200
2
5
0.2
5
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